Pestiviruses express a peculiar protein named E rns representing envelope glycoprotein and RNase, which is important for control of the innate immune response and persistent infection. The latter functions are connected with secretion of a certain amount of E rns from the infected cell. Retention/secretion of E rns is most likely controlled by its unusual membrane anchor, a long amphipathic helix attached in plane to the membrane. Here we present results of experiments conducted with a lipid vesicle sedimentation assay able to separate lipid-bound from unbound protein dissolved in the water phase. Using this technique we show that a protein composed of tag sequences and the carboxyterminal 65 residues of E rns binds specifically to membrane vesicles with a clear preference for compositions containing negatively charged lipids. Mutations disturbing the helical folding and/or amphipathic character of the anchor as well as diverse truncations and exchange of amino acids important for intracellular retention of E rns had no or only small effects on the proteins membrane binding. This result contrasts the dramatically increased secretion rates observed for E rns proteins with equivalent mutations within cells. Accordingly, the ratio of secreted versus cell retained E rns is not determined by the lipid affinity of the membrane anchor.
Introduction
Pestiviruses are among the most important pathogens of livestock farming [1] . Four virus species are known, two types of bovine viral diarrhea virus (BVDV 1 ), classical swine fever virus (CSFV) and border disease virus (BDV) of sheep belong to the genus Pestivirus that is grouped in the family Flaviviridae [2] . The family also comprises the genera Flavivirus with the type species yellow fever virus, Hepacivirus with the type species human hepatitis C virus, and Pegivirus including GB virus C and a variety of pegiviruses from different host species. All these viruses are enveloped and share basic molecular features such as a single stranded RNA genome of positive polarity containing one long open reading frame (ORF). The ORF is translated into a polyprotein that is cleaved into the mature viral proteins by host cellular and viral proteases [3] .
On the molecular level, pestiviruses share significant similarity with human hepatitis C virus. Especially the organization of the non-structural proteins in the polyprotein and their basic biochemical features as well as principal functions show striking parallels. However, major differences are found within the 5' terminal quarter of the genome. The pestiviral RNA encodes two proteins, N pro and E rns , in this region which are missing in HCV, whereas the latter virus expresses the F' protein from a second reading frame overlapping the long ORF [3] . N pro and E rns of pestiviruses are involved in blocking the type 1 interferon response of the host. N pro is a non-structural protein encoded by the 5' terminal fragment of the ORF. It induces degradation of the interferon regulatory factor 3 (IRF3) via the proteasome, thereby blocking the IFN-1 response of the infected host cell [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . E rns belongs to a group of three glycosylated structural proteins located on the envelope of pestivirus particles [14] . All of these three proteins are necessary for production of infectious viruses. E rns is especially interesting since it is not only a structural component of the virion but has also RNase activity which is a unique feature among viral proteins [15, 16] . The E rns RNase belongs to the family of T2-RNases, a group of ancient RNases widely distributed among eukaryotic species, the function of which is, however, not well understood [17] [18] [19] . In pestiviruses, the RNase activity was shown not to be essential for virus replication in tissue culture cells [20] [21] [22] . Inactivation of the enzyme by mutation led to virus mutants exhibiting almost wild type replication efficiency but showing strong attenuation in the natural host [21, 22] . The E rns RNase was shown to be involved in blocking the IFN-1 response in bovine fetuses thereby contributing to establishment and maintenance of persistent infections [23] . Moreover, it has been shown recently that the IFN-α release from plasmacytoid dendritic cells (PDC) that came in contact with virus infected cells was blocked by the E rns RNase [24] .
A certain amount of E rns is secreted from the infected cell and distributed in the infected animal via the blood stream [25] [26] [27] [28] [29] . The secreted protein was shown to block the cellular response to extracellular RNA [26, 27, 29, 30] . Moreover, secreted E rns is internalized by cells and stays in the endosome in active form for several days. The internalized protein is able to block the dsRNA induced Toll-like receptor mediated IFN-1 response of these cells [31] . At least most hypotheses on the mechanism behind the E rns virulence factor function focus on the secreted protein. The molecular basis for the equilibrium between secretion and retention of E rns still is not well understood. This equilibrium should be important for pestivirus biology, since increased secretion would reduce the amount of Erns available for virion production, whereas complete intracellular retention of the RNase would impair the ability to counteract the host's interferon response to pestivirus infection. We have shown before that E rns is bound to membranes by a long amphipathic helix established from its C-terminal 65 amino acids [25, 29, 32, 33] . A variety of mutations were found to increase secretion of E rns and reduce its recovery from the membrane fraction. The obtained results were in frame with the hypothesis that the amphipathic character of the membrane anchor is important for binding to intracellular membranes and retention within the cell [25, 29] . However, it was unclear whether the observed increased secretion is due to a generally reduced affinity of the anchor for lipid membranes or resulted from other mechanisms. Here, we report on experiments conducted with a simple in vitro membrane binding assay based on sedimentation of test proteins with lipid vesicles of different compositions. Using this test system we analyzed the effect of different E rns anchor mutations on lipid binding and compared the results with data on secretion/retention of the equivalent mutants obtained upon transient expression in cells.
Material and Methods

Cells and viruses
BHK-21 cells (kindly provided by T. Rümenapf) were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and nonessential amino acids. The modified vaccinia virus strain Ankara containing the phage T7 RNA polymerase (MVA-T7) [34] was kindly provided by B. Moss (National Institutes of Health, Bethesda, Md.).
Construction of recombinant plasmids
QuikChange mutagenesis (Stratagene, Heidelberg, Germany) was employed according to the supplier's instructions to introduce substitutions, insertions or deletions. The constructs SSeqE rns -E1 and N pro -E rns served as templates for all mutagenesis approaches for characterisation of the E rns /E1 cleavage site.
The cloned PCR products were all verified by nucleotide sequencing with the BigDye Terminator Cycle Sequencing Kit (PE Applied Biosystems, Weiterstadt, Germany). Sequence analysis and alignments were done with Geneious software (Biomatters, Auckland, New Zealand).
Further details of the cloning procedures and the sequences of the primers used for cloning and mutagenesis are available on request.
Expression, metabolic labeling, and immunoprecipitation of proteins
Transient expression of plasmids in BHK-21 cells using vaccinia virus MVA-T7 was done as described [29] . For radioactive labelling of proteins, the cells were washed twice with label medium (without cysteine and methionine) 4 h after transfection and incubated in this medium for 1 h. Afterward, the medium was replaced by the label medium containing 0.1 mCi/ml of [35] Met-label (Hartmann Analytic GmbH, Braunschweig, Germany), and the cells were incubated for another 16-20 h at 37°C. The medium was removed and used to detect secreted proteins. Labelled cells were washed twice with phosphate-buffered saline (PBS) and frozen within the dishes. The cell extracts were prepared in buffer RIPA (20mM Tris, 100mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% DOC, 0.1% SDS, 2 mg/l BSA, pH 7.6). 500 μl of cell extract or supernatant were mixed with 50 μl 10% SDS denatured at 95°C, and sonicated for 20 sec (Branson Sonifier B15, water bath 100 W). Insoluble debris was pelleted at 5,000 rpm and the supernatant further clarified at 45,000 rpm in a TLA55 rotor (Beckmann Coulter, Krefeld, Germany) at 4°C. The cell extracts and the supernatant were incubated with 5 μl of monoclonal antibody WB210 (CCPro, Oberdorla, Germany). Before precipitation the antibodies were crosslinked with rabbit anti-mouse serum (Dianova, Hamburg, Germany). Precipitates were formed with cross-linked Staphylococcus aureus.
Analysis of the precipitated proteins was done by SDS-PAGE using Tricine-buffered gels [35] . Following electrophoresis, the gels were fixed for 1 h with an aqueous solution of 30% methanol and 10% acetic acid, rinsed for 3 h in water containing 20% methanol and 3% glycerol, vacuum-dried at 60°C, and exposed to BioMax X-ray films (Kodak, Stuttgart, Germany). Alternatively, quantification of the precipitation products was done with a phosphorimager (Fujifilm imaging plate [Raytest, Straubenhardt, Germany] and Fujifilm BAS-1500 phosphorimager [Raytest] ). Computer-aided determination of the intensities of the respective signals was carried out with AIDA Advanced Image Data Analyzer Software, v4.19.029 (Raytest). The statistical evaluation of the results was done as described [29] .
Expression and purification of proteins
The expression of proteins in E.coli strain BL21(DE3) grown in standard LB-Medium was done essentially as described before [32] . Briefly, 1l of medium was inoculated with an overnight culture until the OD600 of the mixture was between 0.05 and 0.1. The bacteria were grown at 37°C and 220 rpm to an OD600 of 0.8. Protein expression was induced by addition of IPTG (final concentration 0.5 mM). The bacteria were incubated at 20°C and 220 rpm and harvested after 3h by centrifugation for 10 min at 5000 x g and 4°C. Lysis was done after resuspension in 15 ml Lysisbuffer [50 mM NaH 2 PO 4 pH 8.0, 300 mM NaCl, 30 mM Imidazol, Lysozym, 6% TritonX-100, 1 tab. Roche Complete Protease inhibitor without EDTA (Roche, Mannheim, Germany)]. After 10 min incubation at room temperature three freeze-thaw cycles were performed with liquid nitrogen and warm water followed by sonication for 6 x 30 sec on ice (Branson Sonifier B15, level 7, cycle 80%). The insoluble debris was removed by centrifugation (Beckman JA17 rotor, 30 min, 31,000 x g) at 4°C.
The purification was started with a 5 ml Ni-NTA column (Protino Ni-NTA Columns, Macherey-Nagel, Germany) on an FPLC system (LKB GradiFrac, Pharmacia Biotech, Freiburg, Germany) with a flow rate of 3 ml/min. UV absorbance at 280 nm was measured with a connected absorbance recorder (LKB Optical Unit, LKB REC102, Pharmacia Biotech) to identify protein containing fractions. A step gradient of 50 mM and 100 mM imidazole was used to prevent unspecific protein binding and elution was accomplished with 300 mM imidazole. Afterwards, the protein containing fractions were pooled and ultrafiltrated (Amicon Ultra-15, Millipore). The retentate was diluted in lipid assay buffer (10 mM KH 2 PO 4 , 100 mM NaCl, 2,7 mM KCl) [36] and ultrafiltrated again until the Imidazol concentration was less than 1 mM.
Lipid pull-down assay
Vesicles were generated essentially as described before. In brief, the appropriate amount of each lipid (Avanti Polar Lipid) first wassuspended separately in lipid assay buffer (10 mM KH 2 PO 4 , 100 mM NaCl, 2,7 mM KCl) to a concentration of 25 mg/ml. These suspensions were sonified according to the suppliers protocol [37, 38] with slight modifications (Branson Sonifier B15, water bath, 100 W at 38°C [36] ) until the lipids were completely dissolved. After cooling to room temperature the different lipid solutions were mixed to obtain a total volume of 50 μl per assay with the desired ratio of the individual lipids. These mixtures were sonified for 2 x 30 sec as described above, to obtain vesicles with mixed lipids. According to the suppliers description, the resulting vesicles have a size of 15 to 50 nm which is in the range of pestivirus particles (40 to 60 nm diameter including the envelope protein layer) to the envelope membrane of which E rns is bound via its C-terminal amphipathic helix.
The purified test protein was dissolved in lipid assay buffer to 120 nmol/ml by sonification [36] . 50 μl of this solution were added to 50 μl lipid vesicle solution. The mixture was immediately mixed by pipetting and then incubated at room temperature for 5 min. Sedimentation of the vesicles was done at 20°C for 30 min and 100,000 g in a table top ultracentrifuge (Beckman-Coulter, Krefeld, Germany) as described before [36] . 20 μl of the supernatant were transferred into a fresh tube and mixed with 10 μl SDS sample buffer (supernatant sample). The rest of the supernantant was discarded. The pellet was washed with 100 μl lipid assay buffer and centrifuged for 5 min at ca. 20,000 xg to remove unbound protein. The supernatant was again discarded, the pellet resuspended in 20 μl SDS sample buffer, heated for 5 min to 95°C, and vortexed immediately. The solution was diluted with 60 μl water, vortexed, and centrifuged again for 5 min at about 20,000 xg to reduce the amount of lipids in the sample which hampers the following SDS-PAGE. 20 μl of the supernatant were transferred to a fresh tube (pellet sample). 8 μl of the pellet samples and 15 μl of the supernatant samples (10% of the total amount of each sample) were analyzed by 18% SDS-PAGE and the gel was Coomassie stained. The protein bands were quantified densitometrically using the program "UNScan-IT". The percentage of the lipid vesicle bound protein was calculated by division of the value determined for the protein in pellet by the sum of the values for the protein in pellet and supernatant and multiplied by 100. For each protein the mean value of three independent experiments was determined and given in the graphs together with the standard deviation.
Lipids used for the experiments:
Sph:. Sphingomyelin (from hen egg white)
Lipids were purchased from Avanti Polar Lipids, Alabaster, Alabama, USA
Results
Establishment of a test system for binding of the E rns membrane anchor to lipid vesicles of different composition
The pestivirus E rns protein is translocated through the ER membrane into the ER during translation. The signal sequence inducing translocation is cleaved off and the resulting protein that is deficient of a transmembrane region or other standard membrane anchor is bound to the inner side of the ER membrane by a long C-terminal amphipathic helix [25, 32, 33, 39] . A certain amount of the protein synthesized within infected or transfected cells is secreted into the cell free supernatant. The percentage of secreted protein increases dramatically upon mutations within the C-terminal region of the protein, especially when these mutations disturb the helical structure or the amphipathic character of the membrane anchor [39] . In a simple model, this finding could be interpreted in a way that E rns is secreted when not bound to a membrane so that weakened membrane binding by a mutated anchor would result in increased E rns secretion. This model would imply that intracellular retention of the protein can only be achieved when it is bound to the membrane and thereby has contact to some unknown cellular (membrane) factor determining its intracellular localization. In contrast, not membrane bound E rns would be transported and secreted with the bulk flow. This attractive model is challenged by the fact that the E rns sequence supposed to interact with the lipid bilayer consists of more than 50 amino acids which raises the question why single site mutations or single residue insertions/ deletions should have such profound consequences. It therefore had to be questioned whether the mere reduction of lipid binding affinity resulting from these mutations could be responsible for the observed increase in secretion. We established a simple in vitro lipid pull-down assay to study the effect of such changes in the absence of cellular factors. We used the construct Z2+-anchor that is equivalent to pd29G [32] for bacterial expression. The expressed protein is composed of a 6xHis tag, a Z2-tag (single Z-domain from S. aureus protein A), a tobacco etch virus (TEV) proteinase cleavage site, and the 65 C-terminal residues of the E rns protein from BVDV CP7 ( Fig 1A) [32, 40] . The two tags allow purification of protein and increase its solubility whereas the TEV cleavage site serves as a linker to separate tags and E rns membrane anchor. As a control, a Z2 construct was established that is equivalent to Z2+anchor but lacks the viral sequence. The proteins encoded by the two constructs were expressed in E.coli and purified via Ni-NTA chromatography ( Fig 1B) . 6 nMol of protein were used for a standard lipid pull-down assay.
The pull-down assay relied on the separation of protein bound to lipid vesicles from protein dissolved in the aqueous phase via sedimentation [36] . Vesicles composed of different lipids were generated and mixed with the aqueous solution containing the desired protein. After a short incubation time, the vesicles were pelleted by ultracentrifugation, washed and analyzed by SDS PAGE together with a sample of the supernatant of the ultracentrifugation step.
As a first step, binding of Z2+anchor to different lipids was tested. Since phosphatidylcholine represents the most abundant lipid in biological membranes, dimyristoylphosphatidylcholine (DMPC) alone or mixtures of 95% DMPC and 5% of another lipid were used in the experiments (Fig 2) . About 40% of the Z2+anchor protein was found in the pellet when the experiment was conducted in buffer without any lipid which served as a negative control. In contrast, only about 10% of Z2 was recovered from the pellet. This difference is due to the reduced solubility of Z2+anchor protein which results in certain amounts of aggregates thatare pelleted during ultracentrifugation. Addition of lipids should increase solubility of hydrophobic test proteins because free lipids that are not engaged in vesicle formation act as a detergent. Importantly, the detection of a higher percentage of pelleted material in the buffer vesicle mixture versus buffer alone demonstrates specific pelleting of the protein with the vesicles. In suspensions with DMPC vesicles the ratio between pelleted versus soluble Z2+anchor changes resulting in~10% increase of this protein in the pellet fraction, while even a slight decrease in pelleted protein was detected for the Z2 protein in the presence of DMPC vesicles. Mixture of the two zwitterionic lipids DMPC and DMPE did not increase recovery of the test protein in the pellet (Fig 2B) . A similar result was also seen for DMPC mixed with sphingosine. In contrast, mixtures containing the negatively charged lipids DMPG or DMPS in addition to DMPC were able to bind Z2+anchor much more efficiently, so that 80-to almost 100% of the protein were found in the pellet (Fig 2A and 2B ). This result can be explained by the fact that the E rns membrane anchor contains a net charge of +2 with a concentration of positively charged amino acids in the C-terminal region. Earlier work had shown that the amount of helical folding of the anchor was higher in a mixture of DMPC and DMPG than in DMPC alone [25, 32] , and in the binding assay this combination showed the highest recovery rate in the pellet.
To exclude that the N-terminal tag sequence influences the lipid binding of the E rns membrane anchor a construct, in which the Z2 tag was replaced by the GB-carrier protein [42] was tested in an equivalent experiment which did not yield significantly different results ( Fig 2C) . Thus, it can be concluded that the E rns membrane anchor binds specifically to lipid vesicles with a preference for lipid mixtures containing negatively charged head groups.
Membrane binding of the E rns anchor at different temperatures and incubation times
The fluidity of lipid membranes is highly dependent on temperature, and accordingly the interaction of a lipid binding protein with a membrane can vary considerably with temperature. We again tested different lipid compositions and incubated the vesicles at 4°C, 20°C and 37°C with Z2+anchor for 5 minutes before ultracentrifugation at this temperature. Z2 alone again served as a control. Temperature had little influence on anchor binding to vesicles composed of PC or PC/PG, PC/PI, PC/PA or PC/PS. Also the values determined for buffer without lipids were very similar for all tested temperatures. Significant differences were only found for PC/Sph and especially PC/PE mixtures where binding at 4°C was highly enhanced compared with the other two temperatures (Fig 3A) . In contrast, the recovery of the Z2 tag without anchor showed considerable variation in several systems. In most cases, 4°C led to the highest recovery of Z2 followed by 37°C. In some of the assays the Z2 values at 4°C approached the levels obtained with Z2+anchor so that a high percentage of the observed recovery of the latter protein in the pellet should result from the tag and not the anchor sequence. Importantly, the difference between Z2+anchor and Z2 was highest at 20°C in all assays except the PC/PE and PC/Sph vesicles. Thus, the specificity of the binding assay was best at 20°C for the combinations buffer alone, DMPC vesicles, and vesicles composed of DMPC/DMPG or DMPC/DMPI. Accordingly, these conditions were used for the tests conducted later on.
It is not clear, what determines the fate of the E rns protein within living cells. Secretion of the protein could result from delayed folding of the anchor, so that the kinetics of lipid assisted helical folding could control the secretion level of the protein.
To receive an impression of the time needed for establishment of lipid binding we determined the recovery rate of Z2+anchor in vesicle pellets after 30 seconds, 5 minutes and 2 hours of incubation (Fig 3B) . The results were very similar for all tested time points so that it can be concluded that establishment of lipid/anchor interaction is fast. The standard lipid binding assay was conducted with an incubation time of 5 minutes.
Other amphipathic helices can replace the E rns membrane anchor in in vitro lipid binding assays but not in cells A variety of amphipathic helices serving as membrane binding domains of proteins have been described and analyzed in the past [43] . In order to compare membrane binding of already Lipid Binding of Pestivirus E rns Membrane Anchor characterized sequences with the E rns membrane anchor in our test system, two such sequences, the amphipathic helix of the E. coli MinD protein [44] and the membrane anchor of the 1a protein from brome mosaic virus (BMV-1a) [45] were used to replace the E rns sequence in the Z2+anchor. Both foreign sequences were much shorter than the E rns anchor (Fig 4A) . In addition, the anchor sequence of an E rns protein from classical swine fever virus (CSFV), a pestivirus belonging to another species and showing considerable sequence deviation from the BVDV protein, was tested. As expected, the CSFV anchor showed very similar characteristics as the BVDV anchor, since the biochemical similarity of the two sequences is high despitẽ 50% amino acid sequence divergence. However, also the MinD and BMV 1a sequences were able to hook the Z2 tag to the different lipid vesicles with very similar efficiency as the pestivirus sequences (Fig 4B) . To test whether the MinD or BMV 1a sequences can substitute for the E rns anchor with regard to retention in the cells, the anchor of CSFV E rns was replaced by these sequences. Transient expression experiments revealed that almost 70% of the E rns /
MindD protein was secreted into the cell free supernatant. For the BMV 1a construct approx. 36% secretion was determined which is still quite high compared to less than 10% for the wt protein ( Fig 4C) .
The membrane anchor can tolerate significant disturbance of the amphipathic helix
Previous studies with transiently expressed proteins had shown that a variety of mutations disturbing the amphipathic helix via insertion of single amino acids [29] or replacement of a residue by the helix breaking amino acid proline (Tews and Meyers, unpublished) resulted in enhanced secretion of E rns . Importantly, the introduction of such changes at positions in the middle of the helical region had a much higher impact than the equivalent mutations close to the end of the helix. These findings proved the importance of the integrity of the amphipathic helix for E rns membrane association and retention within the cell. We wondered whether the above mentioned mutations interfered with basal lipid binding of the anchor since the remaining unchanged parts of the helix were still quite long compared to e.g. the MinD or BMV 1a helices which confer membrane binding with only15 or 25 amino acids as shown above. We first tested the influence of insertions of a single alanine residue downstream of positions 181, 194 or 204 (mutants 181A, 194A or 204A, respectively) ( Fig 5A) . The effects of these changes on the interaction of Z2+anchor with the preferred binding partners DMPC/DMPG or DMPC/DMPI vesicles were rather small or even not significant. Vesicles consisting of DMPC alone showed increased binding of 181A and 204A. However, the latter result is difficult to interpret since strongly increased recovery from the pellet was also observed when the 204A mutant was tested in pure buffer indicating decreased solubility of the protein. Most importantly, a significantly decreased lipid binding in consequence of the massive disturbance of the amphipathic character by the ca. 120 degree twist of the helix could not be shown. This stands in marked contrast to the results obtained after expression of equivalent E rns mutants in cells [29] .
As a second step, we tested proline substitution mutants. The analyzed mutants were H180P, A193P, W203P, G209P, N217P, a combination of the mutations at positions 180 and 193 (H180P/A193P) and a second double mutant W203P/G209P. Mutations W203P, G209P and N217P did not influence vesicle binding significantly, whereas A193P and N217P showed reduced solubility as indicated by increased recovery from the pellet in pure buffer (Fig 5B and  5C ). H180P and A193P revealed a somewhat reduced binding to DMPC/DMPG, but this effect was quite small. Similarly, the combination of these two changes had no significant effect on rns proteins with the different indicated mutations in the carboxyterminal amphipathic helix. As a reference, wildtype E rns of BVDV CP7 is shown on the left (wt). Phosphoimager based quantification of the results of immunoprecipitation experiments are given below the gel. For each construct the calculated amounts of secreted and retained protein are given in percent of the total recovered protein (sum of the values determined for supernatant and cell extract). All constructs were tested at least three times and the average values are given. As pointed out in detail in the legend to Fig 4C, To increase the structural change induced by the mutations we inserted proline residues so that a separation of the amphipathic surface into two twisted parts was combined with a disturbance of the helical folding. Proline residues were inserted downstream of positions 181, 194, 204, 210 or 218. Only the mutants 204P and 210P showed significantly changed binding characteristics with increased binding to DMPC vesicles but reduced affinity to the vesicles containing the negatively charged DMPG or DMPI lipids (Fig 5D and 5E) . In contrast, a double mutant containing proline insertions at 204 and 210 (204P/210P) showed reduced binding to DMPC but increased binding to DMPC/DMPI vesicles, whereas no effect was observed for DMPC/DMPG indicating an increased specificity for negatively charged lipids.
To be able to compare the above described results with the secretion rate of the equivalent mutants in the cellular system we quantified the transiently expressed E rns protein and a selected set of mutants thereof in supernatant and lysates of transiently transfected cells as described before [29] . Fig 5F shows Similarly, all of the tested proline insertion variants showed significantly higher E rns secretion than the wt. As expected in the light of earlier results [29] , the insertion downstream of residue 204 (204P) had a more prominent effect than the insertion after position 210 (210P) which is quite close to the carboxyterminal end of the helix (Fig 5F, left part) . The effect observed for the double mutant 204P/210P was about equal to the value determined for single mutant 204P, indicating that the second insertion more downstream could not add significantly to the secretion rate any more. As a last step, we tested the influence of the insertion of 3 or 14 amino acids on lipid binding of the E rns anchor. To this end, 3 glycine residues (mutant GGG) or the sequence GGGGPGGGGPGGGG (mutant GPG) were inserted between residues 210 and 211 thereby dividing the amphipathic helix into an N-terminal and C-terminal part. Since a helix turn contains approx. 3.6 amino acids, the angle between the two parts of the anchor encoded by these mutants with regard to the amphipathic faces is only small. Again, the change induced by these alterations with regard to the recovery rate in the pellet with vesicles composed of PC/PG or PC/PI was only small (Fig 6) . The most striking observation was the strongly reduced binding of the GGG insertion mutant to DMPC vesicles indicating an increased specificity for negatively charged lipids. Taken together, the results obtained with the various mutations affecting the integrity of the amphipathic helix proved that lipid binding of the E rns membrane anchor can tolerate quite invasive changes which in the cell system resulted in grossly increased secretion of E rns (this manuscript and [29] )
Shortened versions of the membrane anchor show reduced membrane binding
As already mentioned above, the E rns amphipathic helix is surprisingly long for a membrane anchor compared to other sequences with the same function. We were therefore interested to see whether truncation of the anchor sequence would impair membrane binding. We first tested 5 N-terminally truncated versions of the viral sequence in the Z2 context (Fig 7A) . Interestingly, only the versions with the shortest truncations showed somewhat altered lipid binding characteristics with overall reduced recovery in the vesicle pellet fraction (E rns _2) or increased recovery rates in all tested mixtures (E rns _5), whereas the proteins with the larger truncations tended to exhibit higher specificity for vesicles containing negatively charged lipids due to lower affinity to DMPC vesicles and equivalent or even higher recovery rates with vesicles containing negatively charged lipids (Fig 7B) . As a further step we tested an anchor sequence construct with a C-terminal truncation of 10 residues named E rns _6-4 that is also N-terminally shortened by 3 residues compared to wt (Fig   8) . Binding of this protein to DMPC/DMPG vesicles was equivalent to the wt anchor, whereas increased recovery was observed with DMPC/DMPI vesicles. In general, binding specificity to vesicles with negatively charged lipids was increased compared to the wt, since binding to DMPC alone was lowered to less than 50% of the wt level (Fig 8B) . Thus, loss of 10 C-terminal residues could be tolerated very well, which stands in marked contrast to the data obtained with E rns in cells where truncation by 4 residues already resulted in a dramatic increase in E rns secretion [33] . In another approach, the anchor was divided into 3 internal overlapping parts which were tested separately for lipid binding (Fig 8) . Construct E rns _2-1encoded a protein in which residues 172 to 194 of E rns were fused to the Z2-tag, whereas the proteins derived from E rns _3-1 and E rns _1-2 contained residues 181-203 and 194-220, respectively. The N-terminal and middle fragments E rns _2-1 and E rns _3-1 showed severely reduced pellet recovery rates for all lipid vesicle compositions. Since precipitation in lipid free buffer was quite high for these proteins, their specific binding to lipids seems to be at least low. In contrast, the C-terminal fragment of the anchor introduced into E rns _1-2 conferred wt binding efficiency to DMPC/DMPG vesicles and only a rather slight reduction for DMPC/DMPI, whereas pelleting with vesicles composed of only DMPC was reduced to less than 20% of the wt level. Thus, it can be concluded that the C-terminal part of the E rns anchor represents the major determinant for specific lipid binding.
This part of the membrane anchor contains a high density of basic amino acids which is probably responsible for the higher affinity to lipids with a negative net charge. Based on the N-terminal truncation product E rns -1 further C-terminally truncated protein mutants were tested for their binding efficiency to lipid vesicles (Fig 9A) . We deleted up to 13 C-terminal residues of E rns -1 without significant effects on DMPC/DMPG binding and only 
Membrane binding and intracellular localization
The E rns protein is translocated cotranslationally into the ER but is not transported to the plasma membrane with the bulk flow. Earlier work had shown that the membrane anchor region of the protein contains the intracellular localization signal [25] . It has been shown before that the lipid composition of the organelle membrane can influence the localization of proteins. Biological membranes contain a complex mixture of different phospholipids. To find out whether the E rns anchor preferentially binds to vesicles mimicking one of these membranes we mixed the different lipids according to the amounts given in Table 1 . In the lipid binding assays these differently composed vesicles showed very similar rates of Z2+anchor binding (Fig 10A) . Thus, the lipid binding assay does not provide any clue that the ER localization of E rns is due to a preference for the ER membrane. The characterization of the E rns intracellular localization signal revealed that three amino acids, Val183, Leu190 and Leu208, which are all orientated towards one face of the helix, are of major importance for retention. Mutation of these residues increased E rns secretion and promoted plasma membrane localization of E rns /CD72 fusion proteins [25] . However, the function of these residues for retention remained unclear. To look whether exchange of these residues influences lipid binding of the membrane anchor, Z2+anchor constructs with mutations V183A, V183L, L190A, L208A or L208I were established, the respective proteins expressed in bacteria, purified and analyzed in the lipid binding assay. This experiment revealed only small differences with regard to the recovery rate of the different proteins in the vesicle pellet ( Fig   Fig 9 . Lipid Binding of Pestivirus E rns Membrane Anchor 10B). Especially, the interaction with the vesicles containing the negatively charged lipids DMPG or DMPI was very similar. These results show that reduced membrane binding of the mutated anchor is not causative for the changes with regard to retention and secretion of the proteins observed in the cell system.
Discussion
The pestiviral glycosylated surface protein E rns represents a very interesting viral factor with multiple functions for virus replication and interaction with its natural host. On the one hand, E rns is an essential component of the virion responsible for a crucial step during infection of cells [14, [46] [47] [48] . On the other hand, E rns exhibits RNase function, a highly unusual feature for a viral structural protein [15, 16] . E rns belongs to the T2 RNases, a widely distributed class of ancient RNases with mostly undefined functions [17] [18] [19] . The enzymatic activity of E rns is not essential for virus viability, since inactivation of the RNase by mutation of one of the two His residues in the active center of the protein did not impair virus replication kinetics in tissue culture cells [20] [21] [22] . In the natural host, RNase negative viruses showed strong attenuation which resulted in an almost apathogenic phenotype [21, 22] . Nevertheless, infection with RNase negative pestiviruses induces highly protective immunity, so that RNase negative viruses represent promising candidates for novel vaccines against pestiviruses. As outlined above, the RNase function of E rns represents a virulence factor of pestiviruses.
Moreover, animal studies with in utero infections of fetuses revealed that the RNase is important for establishing the very special type of persistent infections of pestiviruses [23] . The mechanisms behind these findings and the RNA target hydrolyzed by the enzyme are still obscure. Several recently published investigations provided evidence for interference of the RNase with the type 1 interferon response of the infected host [23, 24, 31] . Due to its nature as a viral surface protein translocated cotranslationally into the ER lumen, a function in the cytoplasm of the infected cell can be excluded. In fact, in vitro analyses showed that the RNase efficiently degrades the viral genome so that direct contact between RNase and viral RNA would interfere with pestivirus propagation [49] . A small proportion of the E rns protein is secreted from the infected cell [26, 28, 29] . Hydrolysis of extracellular RNA, internalization and RNA degradation in endosomal compartments as well as prevention of IFN-1 release by plasmacytoid dendritic cells coming into contact with infected cells were described as functions exhibited by the E rns RNase [24, 26, 27] . A plausible explanation for these observations implies that the secreted E rns is responsible for the virulence factor function of the RNase. Accordingly, we decided to analyze the molecular basis for the equilibrium between secretion and intracellular retention of E rns and we started with work aiming at identification of the E rns membrane
anchor. This work was necessary since E rns does not contain a typical membrane anchor but could be shown to be associated to lipid bilayers also in the absence of any other viral protein [29, 33] . We found out that E rns is hooked to membranes via a sequence located at its carboxyterminus. Binding was resistant to high ionic strength and other chemical challenges indicating that the interaction was mainly hydrophobic and much stronger than found for typical peripheral membrane proteins. The E rns membrane anchor can fold into a long amphipathic helix which is responsible for membrane binding [29] . The hydrophobic face of the helix is inserted into the lipid bilayer slightly tilted and in a way that proton exchange with the aqueous phase is prevented for a rather long stretch of amino acids in the middle part of the anchor [32] . The type of membrane anchor identified in E rns was not described before for other surface proteins. For further characterization we tested a large number of different mutations affecting the helical folding of the anchor or the amphipathic character of the helix. Every modification Table 1 . (B) Influence of mutations shown before to influence intracellular retention of E rns [25] . The tested exchanges are indicated in the graph. [50] , phosphocholine cytidylyltransferase (CCT) [51] or proteins with pleckstrin homology domains [36] .
To be able to easily purify the test protein and determine membrane binding of the E rns anchor in the absence of the bulky and highly glycosylated ectodomain of the protein, the anchor sequence was fused to a tag sequence. Due to the fact that the vesicles used for pull down were prepared from synthetic lipids, the assay system allowed to analyze the influence of lipid composition on protein recovery from the pellet. Enhanced specific binding of the E rns anchor was observed for vesicles containing lipids with negative netcharge. This preference for lipids with negatively charged headgroups is a common feature of most proteins anchored via amphipathic helices which can be contributed to the positive netcharge of their membrane binding domains (for review see [43] ). In contrast to the published data the E rns anchor exhibits enhanced binding also to vesicles containing negatively charged phosphatidylinositol (PI, see above) and different phosphatidylinositolphosphate variants carrying more than one negative charge. The increase of negative charge resulting from inclusion of these lipids as well as changing the net charge of the E rns anchor sequence itself, however, did not increase Z2+anchor binding showing that charge alone does not dominate binding efficiency (not shown). It has to be kept in mind, that the anchor sequence, despite its positive net charge, contains a considerable number of potentially negatively charged residues, all but one clustered in the aminoterminal half. It has been shown for other amphipathic helices containing Glu or Asp residues that these residues are protonated when the helix is bound to the membrane. This effect was attributed to the presence of anionic lipids and represents a further argument for the preference of these helices for negatively charged membranes (reviewed in [43] ). The experiments with Z2+anchor constructs containing mutations in the anchor sequence showed that changes leading in the context of E rns expressed in cells to secretion rates of up to 7-8 times of wt level did not significantly reduce membrane binding in the sedimentation assay. This was true for insertion of single residues at different positions resulting in a twist of one part of the helix with regard to the other and thereby destroying the continuity of the amphipathic character. Similarly, helix breaking mutations like exchange of different amino acids for proline had only limited effects on vesicle binding. Even the combination of both twisting and secondary structure destruction by insertion of single proline residues did not abrogate lipid binding but led to a reduction of less than 50%. At first glance these results seem surprising. A possible explanation for the robust lipid binding of the E rns anchor is given by its length. Compared to many other amphipathic helices conferring membrane association the E rns anchor with its roughly 60 amino acids is very long.
Amphipathic helices of similar length are present in CCT (51 amino acids) and α-Synuclein containing two amphipathic segments of 36 and 37 residues separated by 9 residues [43] . In contrast, the BMV-1a sequence contains only 25 residues and the MinD anchor is composed of only 10 to 19 amino acids five of which are charged [43, 50] . Similarly, amphipathic helices responsible for (temporary) attachment of a variety of viral proteins to intracellular membranes are usually quite short [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . Thus, very few hydrophobic residues adopting the conformation of an amphipathic helix upon membrane contact are sufficient for membrane binding. It therefore seems plausible that partial disruption of the amphipathic helix in the E rns membrane anchor does not prevent lipid binding since sufficiently long properly folded and orientated regions are preserved. This hypothesis is supported by the results of experiments conducted with Z2 tag constructs containing truncated forms or only internal parts of the membrane anchor. All tested parts exhibited at least residual lipid binding. Importantly, these experiments revealed that the carboxyterminal half of the anchor represents the most effective region for lipid binding. This region is colinear with the carboxyterminal half of peptide B and with peptide C that both showed a high degree of helical folding in circular dichroism (CD) spectroscopy in the presence of DMPC/DMPG phospholipids [25] . Moreover, the carboxyterminal sequence, shown here to be of major importance for lipid binding, was analyzed in CD and orientated CD spectroscopy as well as in NMR spectroscopy before (E rns ΔN in [32] ).
These analyses clearly revealed that this fragment of E rns folds into a helix that is inclined into the lipid bilayer. The structure model of the carboxyterminal half of the E rns anchor fits well with the lipid binding data presented here. Taken together it can be concluded that residues 194 to 227 represent the main determinant for membrane binding. However, the preceding part of the anchor shows also a significant affinity for lipids so that mutations, insertions and limited truncation of the anchor do not abrogate lipid binding.
The latter conclusion was also true for an E rns anchor fusion protein expressed within cells.
In earlier studies we showed that a major amount of GFP fused at its carboxyterminus with the C-terminal part of E rns is found in the membrane fraction when it is expressed without signal sequence so that it is not translocated to the ER but stays in the cytoplasm of the cells. It therefore can be concluded that the E rns sequence confers association of the fusion protein to the cytoplasmic side of intracellular membranes. Recovery in the membrane fraction was not only observed for fusions with the complete anchor but also for N-or C-terminally truncated forms [33] . This finding stands in marked contrast to the results conducted with E rns proteins with carboxyterminal truncations or various internal deletions. All these mutated proteins were almost exclusively found in the supernatant. Loss of the five C-terminal residues FGAYA of the anchor was sufficient for nearly complete secretion of the protein [33] . The membrane anchor contains a signal for intracellular localization of the E rns protein.
E rns expressed within a cell does not show up on the plasma membrane but accumulates in a not further defined part of the ER [25] . We were able to show that fusion of the region containing the amphipathic helix to proteins like CD72 or CD8α was able to determine intracellular localization of these proteins that without this sequence are transported to the cell surface with the bulk flow. The molecular basis for the specific localization of the protein is not known. It has been shown for some proteins that their retention in certain compartments is influenced by the specific lipid composition of the compartment's membrane [64] [65] [66] [67] [68] . We therefore investigated whether the E rns anchor shows different affinity to different synthetic membranes mimicking the composition of the bilayers surrounding the intracellular compartments. However, the sedimentation assays showed that the anchor binds equivalently well to all tested membranes. Thus, the increased secretion observed for many E rns mutants with alterations in the anchor region is definitely not due to largely decreased affinity to membranes. Accordingly, E rns secretion rates are determined by factors beyond mere lipid binding.
The work on the E rns retention signal has led to identification of a set of three hydrophobic amino acids, all located on one side of the helix, which are especially important for retention. Mutations affecting these residues (Val183, Leu190 and Leu208) resulted in increased secretion of E rns , but more importantly, to increased localization of E rns on the cell surface [25] . When testing the equivalent mutations in the BVDV CP7 E rns in the lipid binding assay striking differences in comparison with the wt protein were not observed. This result was somewhat expected and was in agreement with the other mutation experiments showing that the anchor has a robust lipid affinity that cannot easily be disturbed by mutating single amino acids.
The most important result of the analyses described above is the discrepancy between data obtained with the mutations when investigating the retention/secretion of E rns from transfected cells and the lipid binding assay. Mutations leading to severely increased secretion rates had no or only minor influence on binding to lipid vesicles. Major truncations could be tolerated with regard to vesicle binding (this report) as well as attachment of E rns anchor tagged GFP to intracellular membranes [33] . The main difference between the E rns and GFP expression assays is the localization of the proteins in the ER lumen or cytoplasm, respectively. These findings show that the equilibrium between secretion and intracellular retention of E rns must be controlled by other factors than the mere affinity to membranes. Since the variation of the lipid composition in a way that mimics different intracellular membranes also had no striking effect on E rns vesicle binding, it is obvious that variation in affinity to different lipid compositions can hardly be responsible for intracellular location of the protein or the observed defined equilibrium between retention and secretion. Accordingly, one or more other host cellular factors, most likely protein(s), should interact with E rns for its retention. Identification of this or these factor(s) and elucidation of their mode of action is necessary to understand the molecular basis of E rns secretion in detail.
It is important to notice that mutations affecting the membrane anchor of E rns are not causative for E rns secretion in general but result only in increased secretion. Also part of the wt E rns synthesized within a cell is secreted into the cell free supernatant. Secretion can only occur when not only intracellular retention but also membrane binding is abrogated, because otherwise the mutant protein would be found at the cell surface. Thus, it can be concluded, that E rns seems to exist in two forms, an intracellular membrane bound form and a secreted version. It is a common feature of proteins anchored by amphipathic helices that their membrane binding is transient with extrinsic factors regulating lipid association. Examples are the MinD protein that is attached to membranes after binding of ATP and subsequently orchestrates binding of the other Min-system components to the membrane, a process important for regulation of bacterial cell division. CCT interconverts between a soluble inactive form and a lipid-bound active form. This process is regulated by membrane lipid composition and the phosphorylation state of CCT. Upon membrane binding the enzymatic activity of CCT is activated. Also viral proteins were found to be activated only upon association to membranes via amphipathic helices. The methyltransferase activity of the NSP1 protein of Semliki Forest virus is an example which becomes active upon membrane binding [54] . Also the GTPase activity residing in the NS4B protein of human hepatitis C virus is only activated by membrane binding [69] . Further studies will have to concentrate on the question how the equilibrium between secretion and retention of E rns is established in order to understand this feature that is important for the virulence factor activity of this fascinating multifunctional protein.
Conclusion
Pestivirus persistence requires blocking innate immunity by secretion of a viral RNase usually bound to intracellular membranes or the viral envelope via its amphipathic carboxyterminus. 
